ABSTRACT: Biomarkers are required for efficient trials of neuroprotective interventions after perinatal asphyxia. This study aimed to determine whether diffusion tensor imaging (DTI) analyzed by tractbased spatial statistics (TBSS) may be a suitable biomarker of disease and treatment effects after perinatal asphyxia in small groups of patients. We performed TBSS from DTI obtained at 3 T from eight healthy control infants, 10 untreated and 10 hypothermia-treated infants with neonatal encephalopathy. Median (range) postnatal age at scan was 1 d (1-21) in the healthy infants, 6 d (4-20) in the cooled, and 7 d (4-18) in noncooled infants. Compared with the control group, fractional anisotropy (FA) was significantly reduced not only in several white matter tracts in the noncooled infants but also in the internal capsule in the cooled group. Noncooled infants had significantly lower FA than the cooled treated infants, indicating more extensive damage, in the anterior and posterior limbs of the internal capsule, the corpus callosum, and optic radiations. We conclude that perinatal hypoxic ischemic encephalopathy is associated with widespread white matter abnormalities that are reduced by moderate hypothermia. DTI analyzed by TBSS detects this treatment effect and is therefore a qualified biomarker for the early evaluation of neuroprotective interventions. 
P erinatal hypoxic ischemic encephalopathy is a major cause of perinatal mortality and morbidity and accounts for ϳ20% of all cases of cerebral palsy. Death or major disability occurs in ϳ60% of infants with moderate to severe encephalopathy (1) . However, recent studies have shown that treatment with moderate hypothermia after resuscitation increases survival without neurologic deficit at the age of 18 mo, providing proof of concept that neural rescue therapy applied after resuscitation from asphyxia is possible (2) (3) (4) .
In experimental studies, a large number of other interventions also have neuroprotective effects after hypoxiaischemia, and some may have synergistic effects when added to cooling (5) . To reduce death and disability further after perinatal asphyxia, these laboratory observations need to be translated into early phase "first in infant" trials of small groups of human infants to demonstrate biologic effects and to prepare for pragmatic trials of successful candidates in larger populations. However, biomarker outcomes are needed for such early phase studies, and there is currently a paucity of biomarkers qualified to detect treatment effects after asphyxia.
Magnetic resonance imaging (MRI) provides valuable information in infants with hypoxic ischemic encephalopathy: it has substantial reproducibility and accuracy when compared with postmortem histologic appearance and is an accurate early predictor of poor neurologic outcome (6 -10) . Visual assessment of MRI in a large subgroup of 131 infants participating in a randomized trial of moderate hypothermia showed a reduction of cerebral lesions after moderate hypothermia, which correlated with neurologic outcome (11) . Thus, MRI seems to detect the treatment effect of cooling and is a promising candidate biomarker. However, it has not yet been shown to detect treatment effects in small samples suitable for early phase studies of new therapies.
Diffusion tensor imaging (DTI) uses the anisotropic properties of water diffusion to provide a quantitative, reproducible measure of tissue microstructure. Water diffuses more easily along the major axis of a white matter fiber bundle than perpendicular to it. DTI uses this phenomenon to characterize the 3D spatial distribution of water diffusion in each MRI voxel (12, 13) . Brain tissue diffusion is affected by the local tissue microstructure, and DTI has emerged particularly as a sensitive imaging modality for examining brain injury in hypoxic ischemic encephalopathy. One of the measures most commonly derived from diffusion data is fractional anisotropy (FA), which quantifies directional coherence in local tract structure. FA decreases if the local tract structure is disrupted, reflecting tissue damage (14 -17) . Previous DTI studies have all used a region of interest (ROI)-based approach, which is time consuming and potentially introduces observer error. However, a recently described technique, tract-based spatial statistics (TBSS) is an automated groupwise observer-independent whole-brain approach that analyses aligned FA images from multiple subjects to allow statistically powerful comparisons of DTI without the need for subjectively defined regions or features of interest (18) .
These characteristics suggested that TBSS may improve the accuracy of DTI to produce a powerful imaging biomarker for assessing neuroprotective interventions in small groups of patients. To test this hypothesis, we used TBSS to compare FA in a control group of healthy infants and small subgroups of infants suffering moderate to severe hypoxic ischemic encephalopathy who had participated in the moderate hypothermia to treat perinatal asphyxial encephalopathy trial, the TOBY trial (4).
PATIENTS AND METHODS
This retrospective cohort study examined MRI scans of term infants from our institution participating in the TOBY trial (ISRCTN 89547571) from 2002 to 2006 because of a diagnosis of hypoxic ischemic encephalopathy. We included all infants who were scanned at 3 T with DTI obtained in 15 noncollinear directions within the first 21 d of life. The TOBY trial was approved by the London Multicenter Research Ethics Committee, and an additional approval for carrying out the MRI scans at 3 T was granted by the Hammersmith Hospitals Trust Research Ethics Committee.
Infants were evaluated for entry into the TOBY trial according to a three-step eligibility system based on clinical, neurologic, and EEG criteria, as reported previously (4) . After the written parental consent, infants were randomized to moderate systemic hypothermia (rectal temperature 33-34°C) maintained using a cooling mattress for 72 h starting within the 6th postnatal hour (n ϭ 10) or to normothermia (n ϭ 10), with rectal temperature maintained at 37 Ϯ 0.2°C. All infants received similar standard intensive care. We also examined eight, term control healthy newborns born after a normal pregnancy and delivery.
Furthermore, written parental consent was obtained before imaging for each subject. MRI was performed on a Philips 3T scanner (Philips Medical Systems, The Netherlands) using a phased array head coil. 3D MPRAGE imaging and high-resolution T2-weighted fast spin echo were obtained before DTI. Single shot echo planar DTI was acquired in 15 noncollinear directions using the following parameters: TR 8000 ms, TE 49 ms, slice thickness 2 mm, field of view 224 mm, matrix 128 ϫ 128 (voxel size ϭ 1.75 ϫ 1.75 ϫ 2 mm 3 ), and b ϭ 750 s/mm 2 . The data were acquired with a SENSE factor of 2. This sequence takes 5 min.
Pulse oximetry was performed on all infants throughout the MRI examination. The infants with encephalopathy also had electrocardiographic monitoring throughout each scan. Ear protection was used for each infant, comprising individually molded earplugs using silicone-based dental putty (President Putty; Coltene/Whaledent, Mahwah, NJ) that was placed in the external ear and neonatal earmuffs (Natus MiniMuffs; Natus Medical Inc., San Carlos, CA). The HIE infants were scanned after sedation with oral chloral hydrate (25-50 mg/kg). The term born controls were imaged after a feed during natural sleep. All examinations were supervised by a pediatrician experienced in MRI procedures.
Image analysis. Data analysis was performed using FSL software (www.fmrib.ox.ac.uk/fsl/). Diffusion tensor images were registered to the nondiffusion volume using affine transformations to reduce distortions because of eddy currents, and a brain extraction process was used to remove any extra cerebral tissue. FA maps were generated using FDT (www.fmrib.ox.ac.uk/fsl/). Voxelwise statistical analysis of FA maps was performed using TBSS (18) . FA images from all the subjects in the groups to be compared were aligned to a common space using nonlinear registration. The mean FA image was created and "thinned" to generate a mean FA skeleton that represented the centers of all tracts common to the group. The threshold was set to FA Ն 0.15. This is lower than the preset threshold of Ն0.2 as recommended by Smith et al. (18) to take into account the reduced FA in the injured brain but still include major white matter pathways and exclude areas of low FA including peripheral small tracts, where there may be high intersubject variability and gray matter. Each subject's aligned FA image was then projected on to the skeleton, and these FA data were used in voxelwise cross-subjects analyses fully corrected for multiple comparisons across space using threshold free cluster enhancement, with p Ͻ 0.05 considered significant. This process is fully automated and does not require any operator input once initiated; nevertheless image analysis was performed by researchers blind to the subject groupings. The data were also corrected for the postmenstrual age at scan so that all results were independent of this factor.
To explore the data further, we selected the voxels that were identified as being significantly different by TBSS in each tract and calculated the mean FA values for each baby. This allowed us to graphically show and confirm the differences in mean FAs for individual tracts between the groups detected by TBSS. However, we did not perform further statistical analysis of these selective data.
RESULTS
The clinical characteristics of the study infants are shown in Table 1 . There were no significant differences in the clinical characteristics between the cooled and noncooled infants. The median (range) postnatal age at scan was 1 d (1-21) 
Compared with the healthy control group, the noncooled group of infants with hypoxic ischemic encephalopathy had significantly reduced FA in many white matter tracts throughout the brain: bilaterally in the anterior and posterior limb of the internal capsule; throughout the external capsule; the body of the corpus callosum; the cingulum; the fornix; the superior longitudinal fasciculus and the superior corona radiata; and the inferior longitudinal fasciculus on the left side (Fig. 1) . When the cooled group of infants was compared with the control group, FA was significantly reduced only in the internal capsule (Fig. 2) .
While comparing the cooled and noncooled infants with encephalopathy, significantly reduced FA was found in the noncooled compared with the cooled infants in several white matter tracts, including the superior corona radiate, corpus callosum, internal capsule, external capsule, and optic radiations (Fig. 3) . The mean FA values for the cooled and noncooled hypoxic ischemic encephalopathy groups are presented in Table 2 and Fig. 4 .
DISCUSSION
MRI is the best imaging modality for assessing the severity of brain injury and long-term outcome for full-term asphyxiated infants. Conventional MRI has allowed better understanding of the timing and patterns of injury that follow perinatal asphyxia. After birth asphyxia, abnormalities on MRI are most commonly observed in the basal ganglia and thalami and in specific white matter areas, namely the posterior limb of the internal capsule; when examined in a large group of 131 infants, these characteristic abnormalities were reduced by therapeutic hypothermia and visual analysis of MRI accurately predicted neurologic outcome at the age of 18 mo, suggesting that MRI detects tissue damage accurately and provides a qualified biomarker for therapeutic interventions after asphyxia when relatively large numbers of subjects are studied (11) . MRI spectroscopy has also been shown to predict outcome accurately after asphyxia in similar-sized human studies and to detect the effects of treatment in animal studies (19 -21) .
However, the aim of this study was to examine the value of MRI as a biomarker for smaller numbers of patients and thus its suitability in early phase "first in infant" trials. DTI is a powerful technique for investigating cerebral microstructure. Diffusion characteristics change rapidly after injury and quan- titative measurements such as the apparent diffusion coefficient, and FA are altered in tissue damage (14, 15) . Using TBSS to analyze DTI data, comparing just 10 infants per group, we demonstrated widespread microstructural abnormalities in white matter tracts in full-term infants after perinatal asphyxia, which were reduced after therapeutic hypothermia. These data confirm that TBSS analysis of FA is a powerful tool for comparing white matter tissue integrity among patient groups and suggest that it is a suitable biomarker for early phase trials of novel neuroprotectants.
One important advantage of TBSS is the ability to investigate the entire white matter. Previous DTI studies in perinatal asphyxia encephalopathy have investigated prespecified ROI within the brain. This method is subjective and restricts the areas of investigation to those that are either easily identifiable or thought to be of greatest clinical significance and therefore may miss unexpected areas of injury. ROI-based analyses can be time consuming and often rely on investigator accuracy. These limitations make comparison of multiple brain regions across larger groups more difficult. In contrast, TBSS is a fully automated observer independent process that enables voxelwise and groupwise comparison of FA values across all the major white matter tracts common to our subjects without the need for prespecified ROI (18) .
As with any group comparison tool, the registration of multiple images needs to be precise. The technique includes careful registration of each subjects' image onto a subjectspecific target image, and the use of a FA threshold that includes all the major white matter tracts but excludes areas of low mean FA such as gray matter or area of high inter-subject variability such as smaller more peripheral white matter tracts. Although visual assessment of MRI scans after hypoxic ischemic encephalopathy accurately identifies injury in central gray matter structures namely, the basal ganglia and thalami, this is not possible with TBSS because of the inherent low FA values of these structures,which is a limitation of our approach.
In summary, DTI analyzed by TBSS seems to provide a quantifiable, qualified biomarker of neurologic injury and treatment effect in hypoxic ischemic encephalopathy. The ability to compare voxelwise differences across groups of patients increases statistical power and allows trials with small group sizes suitable for proof of concept studies of potential neuroprotective interventions.
